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An electrocardiographic-triggered radiographic tech-
nique for obtaining a single image of the heart at both
end-systoleand end-diastole was used in conjunction with
upright bicycle exercise to detect stress-induced changes
in 1) systolic and diastolic cardiac transverse diameter,
and 2) regional motion of the free left ventricular wall.
Twenty-one patients were studied; 10 had normal coro-
nary arteries and 11 had significant coronary artery dis-
ease. Twenty patients (10 with normal coronary arteries
and 10 with coronary artery disease) also had multigated
radionuclide blood pool scans at rest and with exercise.
All patients without coronary disease showed a decrease
in systolic cardiac transverse diameter with exercise and
a slight increase in amplitude of motion of the left ven-
tricular free wall. Eight (73%) of the 11 patients with
Exercise testing is widely used in screening patients for
ischemic heart disease. However, the sensitivity and spec-
ificity of an abnormal ST segment response to exercise have
been disappointing in some clinical settings (1,2). Increased
accuracy of the exercise test has been reported by combining
the examination with radionuclide images, either of myo-
cardial perfusion with the use of thallium-20 I (3) or of
regional wall motion and ejection fraction with the use of
multigated radionuclide cardiac blood pool studies (4).
Echocardiography (5) and cardiokymography (6) have also
been combined with exercise testing for improved accuracy.
This report describes the use of an electrocardiogram-
triggered chest radiographic technique used in conjunction
with upright bicycle exercise to detect stress-induced changes
in heart size and regional motion of the left ventricular free
walls in patients with suspected coronary artery disease.
The technique is easily performed and inexpensive.
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coronary artery disease showed an increase in systolic
transverse cardiac diameter with exercise (p < 0.001),
and 5 developed either new regional left ventricular
asynergy or deterioration of segments with rest asyn-
ergy. Eight of the 10 patients with coronary artery dis-
ease who had rest and exercise radionuclide scans had
an abnormal ejection fraction response to exercise. How-
ever, only 4 of the 10 control patients who had multigated
scans had a normal ejection fraction response, although
all showed normal regional wall motion with exercise.
This new approach is inexpensive and easily per-
formed. These preliminary data suggest that it may be
a useful adjunct to cardiac stress testing and is worthy
of further study.
Methods
Study patients. Twenty-one patients who were admitted
to this Massachusetts hospital for evaluation of clinically
suspected coronary artery disease were included in this study.
All patients had coronary arteriography and left ventriculo-
graphy performed 1 to 3 days earlier. Eleven patients had
50% or greater reduction in diameter of at least one major
coronary artery. This group ranged in age from 35 to 51
years (mean 45); all were male. Seven patients were taking
oral propranolol at the time of the study. Ten patients had
normal findings (or trivial changes) on coronary arteriog-
raphy and left ventriculography. These patients ranged in
age from 35 to 62 years (mean 49); seven were female and
three male. Four patients were taking propranolol at the
time of the study.
Radiographic technique. The radiographic system used
in the examination has been described previously (7). A
conventional chest roentgenographic unit is used, with the
addition of a movable mask (Cambridge Research and De-
velopment) which is placed between the X-ray source and
the patient (Fig. I). The mask is an array of parallel 3 mm
wide lead strips, thick enough to block radiation, alternating
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Figure 1. Diagram of the radiographic system, showing a patient
on the bicycle ergometer facing the X-ray film cassette. The mask
with 3 mm lead strips has been placed between the patient and the
X-ray tube, partially shielding the patient and reducing radiation
dosage, A conventional chest radiographic unit is used.
with equally wide spaces. When the mask is in place, a
single X-ray exposure at end-diastole exposes alternate 3
mm horizontal strips of the X-ray film, and the shielded
strips remain unexposed. The mask is then advanced au-
tomatically to its second position in which the lead strips
shield the previously exposed film. A second exposure at
end-systole then fills in the previously unexposed areas of
film. This results in a film showing two sequential exposures
in which stationary anatomic structures appear substantially
as they would on an ordinary radiograph of the chest (Fig,
2). However, if a structure moves between the two expo-
sures, the extent of this motion is demonstrated.
The mask and X-ray machine are controlled by a phys-
iologic synchronizer. The synchronizer computes the timing
for triggering signals from the patient's electrocardiogram
by the electrodes attached to the patient. The end-diastolic
exposure is triggered by the R wave of the QRS complex,
and the second exposure occurs at end-systole after a delay
that is a linear function of the previous RR interval. Each
radiographic image, with its two exposures, is completed
in one cardiac cycle. The electrocardiogram is printed on a
paper strip with exposure time and duration indicated.
Exercise protocol. The examinations were done with
the patient seated on a bicycle ergometer, facing the X-ray
cassette. The X-ray tube was placed 1.83 meters from the
X-ray film, behind the patient. The mask, with its 3 mm
lead strips, was placed between the patient and the X-ray
tube (Fig. I). The mask partially shields the patient during
each of the two exposures, resulting in a radiation dose level
similar to that of a conventional, single exposure chest ra-
diograph. Standard limb leads and precordial lead V5 were
attached to the patient for monitoring during exercise. Pre-
liminary radiographs were performed at rest in postero-
anterior and left anterior oblique positions (Fig. 2.). Graded
exercise was then performed by the patient to the point of
angina or severe fatigue. The stress electrocardiogram was
considered positive if there was depression of the ST seg-
ment by I mm or more 80 ms beyond the J point (8). No
patient developed ectopic activity that led to discontinuation
of exercise. The posteroanterior radiographic study was re-
peated within 2 seconds after the termination of exercise.
The patient then briefly resumed pedaling at the earlier
achieved maximal load while being turned to position for
the left anterior oblique view, which was also obtained
immediately after termination of exercise. This protocol
resulted in a technically satisfactoryexamination in all patients.
Radiographic analysis. The rest and exercise end-sys-
tolic-end-diastolic chest radiographs were analyzed for re-
gional left ventricular free wall motion, transverse systolic
and diastolic cardiac diameter and pulmonary vascular changes
indicative of congestive heart failure. Left ventricular wall
motion between end-systole and end-diastole was measured
by caliper (7) and recorded for basal, lateral and apical
segments from the posteroanterior view and the posterolat-
eral segment from the left anterior oblique view (Fig. 2).
The technique for measurement is shown in Figure 3. Mo-
tion of the inferior wall and septum cannot be evaluated
with this technique.
Radionuclide angiography. Ten of the patients with
coronary artery disease and all 10 patients with normal find-
ings on coronary arteriography and left ventriculography
also had multigated radionuclide blood pool scans at rest
(anterior and left anterior oblique) and with supine exercise
(left anterior oblique). Segmental left ventricular wall mo-
tion and ejection fraction were evaluated in each patient.
Ejection fraction was calculated using a counts technique
with a varying region of interest. Segmental wall motion
was qualitatively graded by independent observers on a 5
point scale as reported previously by Okada et al. (9). Ejec-
tion fraction response was considered normal if it was 0.50
or greater at rest and increased by 0.05 or more with ex-
ercise, or, in the presence of a rest ejection fraction of 0.80
or more, there was either no change or an increase in ejection
fraction with exercise.
Statistical analysis was done by Fisher's exact test.
Results
Normal Control Group (Table 1)
Stress electrocardiogram. One of the 10 patients in this
group with normal coronary arteriographic and left ventric-
ulographic findings developed 3.5 mm ST segment depres-
sion during exercise. No patient complained of chest pain.
Transverse cardiac diameter. All of the 10 control pa-
tients showed a normal rest diastolic transverse cardiac di-
ameter (cardiothoracic ratio <50% on rest examination).
All showed a decrease in transverse systolic cardiac diameter
with exercise compared with measurement at rest (Fig. 2
and 4). Nine patients showed a decrease in diastolic diameter
and one patient showed no change.
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Figure 2. End-systolic-end-diastolic chest
radiographs of Patient 2 (Table 1) with
normal coronary arteries at rest (A, pos-
teroanterior, B, left anterior oblique) and
during exercise (C, posteroanterior, D,
Icft anterior oblique). The black circles
marksystolic strips. Left ventricular seg-
ments are indicated in A and B.
••••••••
STRESSc
Left ventricular segmental wall motion. Rest ampli-
tude of motion of the left ventricular border ranged from I
to 4 mm. The lower limit of normal (I mm) in this study
is slightly less than that found in a previous study (7), in
which the normal range for standing patients was 1.5 to 4
rnm. This difference may be related to the fact that patients
were in the sitting position in the present series . Nine pa-
tients showed either an increase or no change in amplitude
of segmental contraction of the free left ventricular wall.
The exercise posteroanterior end-systolic-end-diastolic ra-
diograph of one patient showed decreased contraction (a-
kinesia) in all three segments , along with a marked decrease
in transverse diameter (from 12.5 to 11.2 cm at rest). How-
ever , the left anterior oblique view showed an increase in
contraction of the posterolateral segment with exercise. It
is probable that the patient had involuntarily performed a
Valsalva maneuver at the time of the posteroanterior ex-
ercise radiograph, resulting in the reduction in left ventric-
ular stroke volume (10) . Subsequently , patients were in-
structed how to avoid the Valsalva maneuver.
Pulmonary vascular pattern. In no case did the pul-
monary vascular pattern show evidence of congestive heart
failure either at rest or with exercise .
Rest and exercise multigated radionudide scans. All
10 patients in the control group had multigated radionucIide
scans showing normal segmental wall motion at rest and
during exerc ise. However , six patients showed an abnormal
ejection fraction response, and only four had a normal re-
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Figure 3. Detail of posteroa nterior
view of end-systolic-end-diastolic chest
radiograph showing the tech nique of
measurement of amplitude of left ven-
tricular co ntraction. (Reprinted with
permission from Dinsmore et al. [71).
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sponse to exercise. This is a significant difference in spec-
ificity from the radiographic change in systolic transverse
diameter with exercise (probability [pI = 0.01).
Patients With Coronary Artery Disease (Table 2)
Stress electrocardiogram. Five of the II patients with
provedcoronaryartery disease had clinical evidence of myo-
cardial ischemia during exercise testing (angina or electro-
cardiographicchanges, orboth). Three patients demonstrated
) mm or greater ST segment depression, 80 ms beyond the
J junction in one or more electrocardiographic leads at peak
exercise; two of these patients also complained of angina.
Twopatientshad anginawithoutelectrocardiographic changes.
Three of the remaining six patients without electrocar-
diographic changes or angina did not reach 85% of the
maximal predicted heart rate; the exercise test was positive
in 63% of patients who achieved maximal exercise. This
relatively low sensitivity may be related, in part, to the
limited number of electrodes monitored. Two of these three
patients were taking propranolol at the time of the study,
compared with one of the three patients who achieved at
least 85% of the maximal predicted heart rate.
Transverse cardiac diameter. Ten of the I I patients
with coronary artery disease had normal diastolic transverse
cardiac diameter at rest (cardiothoracic ratio <50%) and
I had a slightly increased diameter (cardiothoracic ratio =
55%). In contrast to the normal patients' response, 7 of the
I I patients with coronary artery disease showed an increase
in diastolic transverse cardiac diameter with exercise and 8
(73%) showed an increase in systolic diameter (p<O.OO I)
(Fig.4). However, one of the three patients with a decrease
in systolic transverse diameter (Patient 10, Table 2) did not
Table 1. Clinical and Exercise Data From 10 Patients With Norm al Coronary Arteriog rams and Left Vent n culograms
Clinical/ECG ES-E D Radiographs Radionuclide Scans
HR
Wall
EF
Wall
Age (yr) Takmg ExST ! % of Ex
Motion Motion
Case &Sex Propranolol Rest Ex (10m) PPHR Angma Ex STD Rest Ex Resl Ex Rest Ex
1 39F Yes 60 160 None 88 No Decreased N N 0.67 0.57 N N
2 55F No 75 120 3.5 73 No Decreased N N 0.60 0.66 N N
3 43F Yes 105 160 None 90 No Decreased N A 0.52 0.43 N N
4 59F Yes 78 150 None 93 No Decreased N N 0.84 0.85 N N
5 53M Yes 55 100 None 60 No Decreased N N 0.53 0.52 N N
6 4 1M No 60 160 None 89 No Decreased N N 0.66 0 44 N N
7 46F No 70 150 None 86 No Decreased N N 0.59 0.61 N N
8 35M No 70 160 None 86 No Decreased N N 0.78 oIII N N
9 57F No llll 145 None 89 No Decreased N N 0 59 0.62 N N
10 62F No 72 136 None 80 No Decreased N N 0.65 0.79 N N
A = abnormal; ECG = electrocardiogram; EF = ejection fraction: ES- ED = cnd-systohc-end-diastohc; Ex = exercise: F = female; HR = heart
rate, M = male; N = normal; PPHR = peak predicted heart rate: STD = radiographic systolic transverse cardiac diameter. 5T ! = 5T segment
depression.
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Figure4. Systolic transverse cardiac diameters of control normal
patients and patients with coronary artery disease (CAD) at rest
and withexercise.
reach 85% of peak predicted heart rate with exercise. Two
of the three patients with a decrease in systolic diameter
had single vessel disease (right coronary artery, diagonal
branch) and one had two vessel disease (right coronary and
left anterior descending arteries). All fourpatients withthree
vessel disease (Fig.S), six of eight with at least two vessel
disease and seven of eight with left anterior descending
artery disease had an increase in transverse diameter with
exercise.
Left ventricular segmental wall motion. Five of the
II patients with coronary arterydisease developednewareas
of left ventricular asynergy or further deterioration of con-
traction of previously asynergic segments. The patients who
had normal contraction at rest developed either akinesia or
dyskinesia of at least one left ventricular segment with ex-
ercise (Fig. 6). Two patients with abnormal contraction at
rest showed increased asynergy with exercise. In one pa-
tient, a segment that was hypokinetic at rest became dys-
kinetic with exercise, and in the other patient, an akinetic
segment became dyskinetic. All of the patients with exer-
cise-induced regional deterioration in contraction also had
an increase in cardiac diameter with exercise. One patient
(Patient 4, Table 2) with severe three vessel coronary dis-
ease, who had an increase in cardiac transverse diameter
(diastolic: 15.0 cm at rest, 15.5 cm with exercise; systolic:
14.7 ern at rest, 15.6 em with exercise) and regional asyn-
ergy withexercise (Fig.7A and B) underwenta second study
after surgery with triple coronary artery bypass grafts. This
study showed a decrease in cardiac transverse diameter (di-
astolic: 13 .5 cm at rest, 13.0 em with exercise; systolic:
13.3 cm at rest, 12.5 cm with exercise) and a normal in-
crease in amplitude of contraction of all segments with ex-
ercise (Fig.7C).
Pulmonary vascular pattern. All II patients withcoro-
nary artery disease had a normal pulmonary vascular pattern
at rest. Only I of the 11 patients, whose heart size increased
Table 2. Clinical and Exercise Data From II Patients With Proven Coronary Artery Disease
Chnical/ECG ES- ED Radiographs Radionuchde Scans
Wall Wall
Coronary HR Motion EF MOllonAge (yr) Previous Taking Arteries ExST! % of Ex
Case &Sex Infarction Propranolol Involved Rest Ex (mrn) PPHR Angina Ex STD Resl Ex Rest Ex Rest Ex
I 51M No Yes RCA,LAD 65 150 None 89 No Decreased N N 0.59 0.6 1 A
2 40M No Yes RCA, LAD 65 120 None 67 No Increased N A 0.64 0.55 N N
3 51M No Yes RCA, LCx, 60 90 2 53 Yes Increased N N 0.55 N
LAD
4 51M No Yes RCA, LCx, 55 95 None 56 No Increased N A 0.64 0.68 N N
LAD
5 40M No No LAD, LCx 70 155 None 86 No Increased N A 0.72 0.78 N N
6 35M No No RCA 66 85 None 46 Yes Decreased N N 0.79 0.77 N N
7 54M Yes No RCA, LCx, 90 150 None 90 No Increased A A 0.4 0 0.35 A A
LAD
8 40M No Yes LAD 60 105 58 Yes Increased N N 0.68 0.63 A A
9 49M Yes Yes RCA, LCx, 65 115 67 No Increased A A 0.46 0.48 A
LAD
10 38M No No LAD (diag. 50 135 None 74 No Decreased N N 0.74 0.74 N A
branch)
II 52M Yes RCA,LAD 55 125 None 74 Yes Increased N N 0.62 0.67 N N
(diag.
branch)
Diag. = diagonal; otherabbreviations as inTable I.
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Figure 5. Posteroanterior end-sys-
tolic-end-diastolic chest radiographs
of a 49 year old man (Patient 9. Table
2) with severe three vessel coronary
artery disease . showing an increase
in transverse cardiac diameter with
exercise.
... 14.3 ..
REST
... 15.8 ..
STRESS
with exercise , showed radiographic evidence consistent with
congestive heart failure (Fig.8).
Rest and exercise multigated radionuclide scans. Eight
(80%) of the 10 patients with coronary artery disease who
had multigated radionuclide scans at rest and during exercise
showed abnormal findings indicative of coronary artery dis-
ease. A segment by segment comparison of stress-induced
changes in regional wall motion between the radiographic
and radionuclide techniques could not be made because the
radionuclide exercise images were obtained only in the left
anterior oblique position and all patients in this series showed
normal posterior wall contraction .
Discussion
Previously reported studies of cardiac volume and
wall motion during exercise. The effect of exercise on
diastolic transverse cardiac diameter or the calculated vol-
ume of the normal human heart has been studied by several
investigators (11-14) , using electrocardiographic synchro-
nized conventional chest radiography . Results have varied
depending on the position in which the examination was
performed. Holmgren and Ovenfors (15) found that in nor-
mal subjects , diastolic heart volume remained unchanged
during supine exercise but decreased during upright bicycle
exercise. Braunwald et al. ( 16) showed by cineradiography
Figure 6. Detail of the left ventricular border from postero-
anterior end-systolic-end-diastolic chest radiograph s of a 40
year old man (Patient 2, Table 2) with occlusion of left an-
terior descending and right posterior descending coronary ar-
teries, showing normal contraction at rest. With exercise .
there is dyskinesia at the apex and lateral wall. and akinesia
at the base. Black circles mark systolic strips; small arrows
mark diastolic strips.
••••••••
REST
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Figure 7. Detail of the left ventricular
border from posteroanterior end-systolic-
end-diastolic chest radiographs of a 51
year old man (Patient 4, Table 2) with
severe three vessel coronary artery dis-
ease, showing normal contraction at rest
(A) and apical dyskinesia with stress (B).
After triple coronary artery bypass grafts
(Post-op) , contraction during exercise be-
came normal (C). Black circles mark sys-
tolic strips; small arrows mark diastolic
strips.
of clips sutured to the heart that the diastolic volume of
the normal human left ventricle becomes smaller with up-
right bicycle exercise. Gorlin et al. (17) found that supine
leg exercise produced no change in normal end-diastolic left
ventricular volume as derived from thermodilution curves.
In patients with angina pectoris due to coronary artery dis-
ease, Sharma et al. (18) demonstrated an increase in systolic
and diastolic left ventricular volume by left ventriculography
during supine leg lifting , while normal subjects showed a
decrease.
The studies of Boelling et al. (19) and Phillips et al. (20)
showed a consistent decrease in the systolic cardiac diameter
of normal subjects after walking 61 to 91 meters . Phillips
et al. (20) found either no change or an increase in systolic
transverse diameter of the heart in patients with coronary
artery disease.
The detection of exercise-induced regional left ventric-
ular wall motion abnormalities with the use of electrocar-
diographic-gated radionuclide blood pool scans was de-
scribed by Borer et al. (4) in II patients with coronary
artery disease and 14 normal control subjects. These and
other investigators (21,22) found the radionuclide tech-
nique, using both changes in regional left ventricular wall
motion and ejection fraction, to be highly accurate in the
detection of coronary artery disease. Mason et al. (5) de-
scribed the use of echocardiography, and Silverberg et al.
(6) described the use of cardiokymography in the evaluation
of exercise-related regional wall motion abnormalities for
REST STRESS
Figure 8. Detail of lung vascular pattern from postero-
anterior end-systolic-end-diastolic radiographs of subject
(Patient 9) shown in Figure 5. Note dilation of pulmonary
vessels, particularly in the upper lung fields after exercise,
suggesting the development of pulmonary venous
hypertension.
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the detection of coronary artery disease. Each of these tech-
niques was found to increase the sensitivity and specificity
of the electrocardiographic cardiac stress test.
Accuracy of the present radiographic technique. The
technique we have described uses end-systolic-end-diastolic
images of the heart obtained on a single chest radio-
graph at rest and during exercise. The accuracy of this
technique in the evaluation of left ventricular wall motion
in patients with coronary artery disease was studied previ-
ously (7) by segment by segment comparison of wall motion
on left ventriculograms and rest end-systolic-end-diastolic
chest radiographs, That study, which compared 80 seg-
ments, showed 89% agreement, with 96% specificity and
94% sensitivity.
In the present series, the end-systolic-end-diastolic chest
radiographs were used to supplement the conventional ex-
ercise test. The sensitivity of increased end-systolic diameter
(73%) in the detection of coronary artery disease was not
significantly different from that of multigated radionuclide
studies (80%) in this series. However, only 40% of the
control patients showed a normal radionuclide ejection frac-
tion response, whereas 100% showed a reduction in radio-
graphic end-systolic cardiac diameter. The reason for the
poor specificity of the radionuclide ejection fraction re-
sponse to exercise in this group, in contrast to results re-
ported by others (21), is not clear, Gibbons et al. (23) studied
the exercise ejection fraction response of 60 patients with
chest pain and normal coronary arteries and left ventricular
function at rest, using first pass radionuclide angiocardiog-
raphy. They found a highly variable response and concluded
that specificity of this test in patients, especially women,
with suspected coronary artery disease is limited. Four of
the six false positive radionuclide ejection fraction responses
in our control patients occurred in women.
Advantages and possible limitations. The detection of
relatively small changes in transverse cardiac diameter with
stress is possible with a radiographic technique because
images are of high resolution and positioning for the pos-
teroanterior view is easily reproduced. The rest and stress
end-systolic-end-diastolic chest radiographs can be checked
for consistency in positioning by observation of relative
locations of such structures as ribs, clavicles and the dia-
phragm. Similarly, it is unlikely that the striking regional
changes in left ventriclar wall motion that we observed in
patients with coronary artery disease could have been caused
by minor variations in positioning of the patient for rest and
stress radiographs on either radiographic view. Possible
sources of error in the interpretation of electrocardiographic-
triggered end-systolic-end-diastolic radiographs have been
discussed previously (7). Portions of the cardiac border that
may be obscured-for example by pulmonary disease or
pleural fluid-cannot be evaluated with this technique. EpI-
cardial motion would be obscured in the presence of a peri-
cardial effusion. One patient in the present series had a large
apical fat pad preventing study of the apical segment of the
left ventricle on the posteroanterior view, and in another,
adjacent pulmonary disease obscured basal and apical
segments.
Implications. The technique we have described is an
easily performed inexpensive means for evaluating cardiac
functional response to exercise. Therefore, it has the po-
tential to be widely applicable. The results of this prelim-
inary study suggest that further evaluation of this radio-
graphic technique is warranted.
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